The abstraction and addition reactions of H with trans-N 2 H 2 are studied by high-level ab initio methods and density functional theory. Rate constants were calculated for these two reactions by multistructural variational transition state theory with multidimensional tunneling and including torsional anharmonicity by the multistructural torsion method. Rate constants of the abstraction reaction show large variational effects, that is, the variational transition state yields a smaller rate constant than the conventional transition state; this results from the fact that the variational transition state has a higher zero-point vibrational energy than the conventional transition state. The addition reaction has a classical barrier height that is about 1 kcal/mol lower than that of the abstraction reaction, but the addition rates are lower than the abstraction rates due to vibrational adiabaticity. The calculated branching ratio of abstraction to addition is 3.5 at 200 K and decreases to 1.2 at 1000 K and 1.06 at 1500 K.
I. INTRODUCTION
The classical barrier height (zero-point-exclusive barrier height) is defined as the potential energy difference between the saddle point (SP) and the reactants. The classical barrier height on a potential energy surface is generally the main factor that controls the rate of a chemical reaction, and therefore it is given much attention when studying reaction mechanisms. However, it has been already shown that the application of variational transition state theory 1-4 (VTST) is also important for the calculation of accurate rate constants. In this theory, a free energy bottleneck is located along the reaction path for each temperature, instead of assuming the transition state is the saddle point, as in conventional transition state theory 5, 6 (which will be abbreviated simply as TST). We define the "variational effect" as the difference between the rate calculated by VTST and that calculated by TST. It is important to understand how large the variational effect can be.
Recently, Schreiner et al. 7 showed that the isomerization of methylhydroxycarbene does not mainly proceed through the lowest-energy reaction path, but through a higher-energy path due to tunneling contributions at low temperature (11 K) . Is it possible that a chemical reaction proceeds mainly through a higher-energy path for other reasons at room temperature or higher temperature? It is well known by now that variational effects can be very large in some cases.
1, [8] [9] [10] [11] [12] [13] Often such effects are dominated by different vibrational energy requirements at the variational and conventional transition states. a) Authors to whom correspondence should be addressed. Electronic addresses: orlando@ieav.cta.br and truhlar@umn.edu.
High-frequency vibrational modes are particularly important, since they tend to be vibrationally adiabatic. [14] [15] [16] In this article, results for two reactions will be studied that show the importance of considering the variational effect for the calculation of rate constants and also show that the branching ratios depend not only on the classical barrier heights but also on the full vibrationally adiabatic potential energy curve. The two reactions investigated in this work are
H + trans−N 2 H 2 → N 2 H 3 .
In reaction (R1), the reaction H with trans-N 2 H 2 proceeds by H abstraction, and in reaction (R2) it proceeds by addition. Both the abstraction and the addition have a barrier. Chuang et al. 17 studied reaction (R1) by using several electronic structure methods based on single-configuration reference states in order to examine the effects of spin contamination on the calculated geometries and energies. They estimated that the classical barrier height (V ‡ ) is in the range from 3 to 5 kcal/mol, and the reaction energy ( E) is in the range from −37 to −38 kcal/mol. At the MP2 level, they found large differences (5-7 kcal/mol) between the results calculated with unrestricted and restricted reference states, but when using coupled cluster theory with single and double excitations and quasiperturbative inclusion of connected triples 18 (CCSD(T)) these differences were only tenths of a kcal/mol.
In a more recent study, Lynch and Truhlar 19 built an energetic database for some benchmark hydrogen abstraction reactions. For the reaction under consideration, the values of V ‡ and E were estimated to be 5.9 and −35.1 kcal/mol, respectively, differing significantly from the previous estimates. Because of the uncertainty, this reaction was later dropped from the database. 20 There are no experimental rate constants available for H + trans-N 2 H 2 . Previous theoretical works focused only on the abstraction reaction (R1). Theoretical rate constants include VTST calculations performed with MRCI//CASSCF/cc-pVDZ data, 21 VTST calculations with MRCI/CASSCF/cc-pVDZ///NDDO-SRP data and rectilinear 22 or curvilinear 23 internal coordinates, and TST calculations with G2M(MP2)//MP2/6-31G(d,p) data. 24 The values employed for the classical barrier height and reaction energy are 5.9 and −33.6 kcal/mol (Refs. 20-23) and 4.1 and −37.5 kcal/mol. 24 The potential energy surfaces used in these rate calculations are not reliably accurate, and dual-level direct dynamics 22, 25 was employed 22 to try to improve the accuracy. We will show that the description of these reactions will be qualitatively different when we use a higher-quality potential energy surface.
In the present study we performed high-level ab initio calculations to obtain best estimate barrier heights (benchmarks) of both the abstraction and addition reactions. Single-level direct dynamics (eliminating approximations in dual-level dynamics) calculations including multistructural variational effects 26 were performed using potential energy surfaces calculated by density functional theory with functionals that are validated against the benchmark calculations. In the dynamics calculations, we also include the torsional anharmonicity using our recent developed multistructural method. 26, 27 It is well known that there are three isomers of diazene (N 2 H 2 ), but the trans-N 2 H 2 species is, respectively, 5.1 and 24.0 kcal/mol more stable than the cis-and iso-N 2 H 2 isomers. 28 The present article is concerned only with the trans-isomer.
II. METHODS

II.A. Electronic structure
Both reactions are known to be very exothermic from previous studies. [20] [21] [22] [23] [24] Here, reactants and transition states are optimized by CCSD(T) using the cc-pVTZ (Ref. 29) basis set and by the M08-SO (Ref. 30 ) density functional with two triple ζ basis sets, ma-TZVP (Ref. 31 ) and 6-311++G(2df,2p). Single-point energies are calculated by CCSD(T) with explicit correlation, in particular, CCSD(T)-F12a and CCSD(T)-F12b, 32, 33 and by various multireference methods (multireference configuration interaction with single and double excitations (MRCI), 34, 35 MRCI with the Davidson correction (MRCI+Q), 36, 37 multireference averaged coupled pair functional (MR-ACPF), 38, 39 and multireference averaged quadratic coupled cluster (MR-AQCC) (Refs. 39 and 40)) using CCSD(T)/cc-pVTZ geometries. In the multireference calculations, the active space includes 13 electrons in 12 orbitals.
As usual, the Born-Oppenheimer (BO) energy E is defined as electronic energy plus nuclear repulsion. The BO energy as a function of nuclear coordinates is the potential energy surface used for dynamics. The calculated energetic properties are the BO energy of reaction ( E), the enthalpy of the reaction at 0 K ( H In some cases, energies were extrapolated to the complete basis set (CBS) limit by using the extrapolation procedure of Halkier et al.,
where n is the ζ level of the largest cc-pVnZ basis set used (n = 4 in the present work). Equation (1) was also used to extrapolate bond distances, bond angles, and vibrational frequencies. The 1s core orbitals of the N atom were frozen in the above calculations, which are therefore denoted as frozencore (FC) calculations. In further calculations, core correlation was included by the CCSD(T) method correlating all electrons ("full") with the correlation consistent polarized core and valence triple zeta basis sets (cc-pCVTZ) of Woon and Dunning. 42 The best estimate (BE) values were computed based on a method advocated by Martin and Taylor, 43 in particular, by using
The M08-SO density functional is used with the ma-TZVP and 6-311++G(2df,2p) basis sets for straight direct dynamics calculations for both reactions. The grid for density functional integration has 96 radial shells around each atom and a spherical product angular grid having 32 θ points and 64 ϕ points in each shell.
II.B. Dynamics
In straight direct dynamics calculations, minimum energy paths (MEPs) in isoinertial coordinates are calculated using a variational reaction path 44 algorithm from 0.2 to −1.0 Å for reaction (R1) and from 0.3 to −0.6 Å for reaction (R2). The step size was 0.002 Å, and Hessians were calculated each 9 steps. Note that we set the reduced mass μ equal to 1 amu and isoinertial coordinates have the unit of length (we use Å). Vibrational frequencies were computed in curvilinear coordinates and were scaled by a factor 45 0.984. The multistructural canonical VTST rate constants (MS-CVT) (Ref. 26) were combined with the zero-curvature tunneling (ZCT) (Refs. 9, 46, and 47) and small-curvature tunneling (SCT) (Refs. 47 and 48) approximations. Torsional anharmonicity was included by using the multistructural torsion (MS-T) method. 26, 27 Note that "multistructural" means that multiple conformational structures are included for a stationary point, and the number of the conformational structures is in general larger than 1 (if it were 1, we would use the original single-structure version of the theory). By default, we include all the structures, and in this article we do include them all. We define the anharmonicity factor as the ratio of the multistructural conformational-rotational-vibrational partition function 27 to the single-structure harmonic-oscillator rotational-vibrational partition function:
where Q MS−T con−rovib is the conformational-rovibrational partition function calculated by the MS-T method, 27 and Q For the association reaction (R2), we assume that the pressure is sufficiently high to stabilize the initially formed internally energetic N 2 H 3 so that it will not redissociate to H and N 2 H 2 .
III. RESULTS AND DISCUSSION
III.A. Multireference character
An important issue in our recent work [53] [54] [55] [56] has been to study the applicability of various electronic structure methods to reactions that have large multireference character. The present reaction provides another problem where this is important. We therefore begin by attempting to quantify the multireference character.
We estimated the importance of non-dynamical correlation effects in the electronic wave function by using the T 1 diagnostic 57 and employing the GAUSSIAN and MOLPRO codes in unrestricted reference and restricted open-shell reference calculations, respectively. It has been argued that the multireference wave function character is significant only if the T 1 diagnostic value is greater than 0.044. 58 Using the UU-CCSD(FC) method with the cc-pVQZ basis set, the computed values of T 1 are 0.012, 0.001, 0.044, and 0.027 for the N 2 H 2 , H 2 , N 2 H, and SP of R1 (SP R1 ) species, respectively. For the open-shell species N 2 H and SP R1 , the values of T 1 change to 0.026 and 0.029 using the RU-CCSD/ccpVQZ method. From these values we can infer that the multireference character of N 2 H and SP R1 is marginal and that of the other species is very small. One can also estimate the multireference character of the electronic wave functions using the CASSCF and MRCI methods. The multireference M diagnostic 54 calculated using CASSCF/cc-pVQZ for N 2 H 2 , H 2 , N 2 H, and SP R1 are equal to 0.086, 0.025, 0.083, and 0.086, respectively. As pointed out previously, 54 values of the M diagnostic smaller than 0.05 and equal to 0.05-0.10 are considered to have, respectively, a small and modest multireference character, so by this criterion the multireference character is modest. Also, the MRCI/cc-pVQZ wave functions of the reactants, products, and transition state are highly but not completely dominated by the HF reference configuration, i.e., the coefficients of the HF are 0.93, 0.99, 0.93, and 0.92 for N 2 H 2 , H 2 , N 2 H, and SP R1 , respectively. This confirms the non-negligible multireference character in N 2 H 2 , N 2 H, and SP R1 .
The value of T 1 for the SP of reaction (R2) as calculated by the RU-CCSD/aug-cc-pVQZ with HF orbitals is 0.022, which is less than that of the SP of R1. This indicates that reaction (R2) has less multireference character.
III.B. Potential energy surface features of R1
Calculated equilibrium geometries and vibrational frequencies of SP R1 are given in Tables I and II , respectively, while all the other structures (reactants and products) of R1 are given in the supplementary material. There is only one distinguishable structure for the SP of the reaction (R1) (see Fig. 1 ). Due to the low barrier height and high exoergicity of this reaction (which will be documented in Tables III and  IV) and as expected from Hammond's postulate, 59 the extension of the forming H-H bond is larger than that of the breaking H-N bond, as shown in the first two columns of Table I . The CCSD(T)/CBS geometry obtained by the geometrical analog of Eq. (1) has tighter breaking bonds and looser forming bonds than does the CASSCF/CBS geometry obtained the same kind of basis-set extrapolation. The CCSD(T) geometries are more reliable than those obtained by CASSCF.
The best-estimated equilibrium geometries of N 2 H 2 , N-H (1.243 Å), N−N (1.028 Å), and HNN (106.4
• ), are in excellent agreement with experimental values, i.e., 1.247 Å, 1.030 Å, and 106.3
• , respectively. The scaled M08-SO/ma-TZVP frequencies have a good agreement with unscaled frequencies calculated by the CCSD(T)/CBS method plus core-valence correlation (CV). CASSCF overestimates the harmonic frequencies as compared to CCSD(T). For instance, the values of the imaginary J. Chem. Phys. 136, 184310 (2012) frequencies, which give information about the shape at the top of the reaction barrier, are 2600i cm -1 and 1503i cm -1 calculated by the CASSCF/CBS and the CCSD)(T)/CBS+CV methods, respectively. Table III lists the single-point barrier height and reaction energy (in kcal/mol) calculated with the geometries obtained by the CCSD(T)/CBS+CV method and using various combinations of spin restrictions and various methods to obtain orbitals for CCSD(T) calculations. RU-CCSD(T) results with either a HF reference or a KS reference give forward barriers between 2.9 and 3.0 kcal/mol, but the UU-CCSD(T) calculations with HF orbitals give a higher barrier, 3.3 kcal/mol. The RR-CCSD(T) and RU-CCSD(T) results depend more on the reference orbitals than do the UU-CCSD(T) results. For instance, the RR-CCSD(T)/cc-pVTZ method with HF orbitals gives a 3.5 kcal/mol barrier, while the RR-CCSD(T)/cc-pVTZ method with B3LYP orbitals gives a 3.1 kcal/mol barrier. The predicted barrier heights by CCSD(T) methods using various orbitals fall into the range of 2.9-3.5 kcal/mol.
The forward reaction barrier heights of reaction (R1) calculated by coupled cluster and multireference methods are listed in Table IV . These are single-point calculations using the CCSD(T)/cc-pVTZ geometries. There is a good agreement between the values of the classical barrier height computed by the MRCI+Q and RU-CCSD(T)-F12 methods using HF orbitals. The MR-ACPF calculations give slightly higher barrier (in the range of 0.1-0.2 kcal/mol) than the RU-CCSD(T)-F12 method.
More information on barrier heights, reaction energies, and geometries are given in supplementary material.
60
III.C. Potential energy surface features of R2
Table V lists a set of geometry parameters of the reaction (R2) SP. Note that the SP of reaction (R2) has a pair of mirror images that are distinguishable structures (see Fig. 1 ). Also note that the mirror images of a stationary point are the same in energetics (energies and vibrational frequencies) and therefore Tables IV and VI are valid for the both structures, which are both included in the MS-T treatment. Table VI lists harmonic vibrational frequencies of reaction (R2) SP, which are unscaled frequencies whereas in dynamics calculations scaled frequencies with a scaling factor 45 of 0.984 are used for M08-SO/ma-TZVP and M08-SO/6-311++G(2df,2p) methods, respectively. The scaling factor 0.984 for M08-SO/6-311++G(2df,2p) method is parameterized against the ZPE15/10 database 45 in this work. The N 2 H 2 geometry does not have significant changes at the R2 SP, which indicate an early transition state for this reaction. The DFT geometries agree with CCSD(T)/cc-pVTZ geometries reasonably well. The forward reaction barrier heights of reaction (R2) calculated by DFT, coupled cluster methods, and multireference methods are listed in Table IV . The barrier heights calculated by coupled cluster methods and multireference methods are between 1.83 and 3.00 kcal/mol. Coupled cluster methods give lower barrier heights than multireference methods. The barrier heights calculated by M08-SO/ma-TZVP and M08-SO/6-311++G(2df,2p) methods both agree with those calculated by coupled cluster and MRCI+Q methods. Since the T 1 diagnostic of the R2 SP is 0.024, and the barrier heights calculated by coupled cluster and MRCI+Q methods are very close, it seems that these results are the most reliable R2 barrier height.
III.D. Statistical mechanics and chemical kinetics
The barrier heights of R1 and R2 calculated by the density functional M08-SO with either ma-TZVP or 6-311++G(2df,2p) basis set agree with the benchmark calculations very well. The difference between the barrier heights of R1 and R2 is 0.83 kcal/mol by M08-SO/ma-TZVP method and 1.14 kcal/mol by M08-SO/6-311++G(2df,2p) method, respectively. Therefore, the difference between two barriers could lead to the branching ratio change, especially at low temperatures. Therefore, both methods (M08-SO/ma-TZVP and M08-SO/6-311++G(2df,2p)) are used in the dynamics and kinetics calculations for comparison. Since they give similar results, we give the kinetics data by the M08-SO/6-311++G(2df,2p) method in the article and the data by M08-SO/ma-TZVP method is given in supplementary material. Table VII lists anharmonicity factors for the two transition states and for the N 2 H 2 reactant.
The reactant N 2 H 2 has two minima connected by torsion around the N=N bond. As mentioned before, cis-N 2 H 2 is much higher in energy than trans-N 2 H 2 , (in particular, it is ∼5 kcal/mol higher, as compared to, for example, a value of kBT of ∼1 kcal/mol at 500 K), and we only include trans-N 2 H 2 contribution in the partition function, but we still include a torsional anharmonicity correction for the trans-N 2 H 2 conformational structure by setting the local periodicity of the N-N torsion equal to 2 in the MS-T calculations. Because the torsional barrier between the two N 2 H 2 conformers is quite high (over 50 kcal/mol), 28 the anharmonicity factor FN 2 H 2 in Table VII only slightly deviates from 1. The high barrier between two conformers also makes the MS-CVT treatment with only the trans conformer valid because the rate of converting two N 2 H 2 conformers is much slower than the rate of the reactions studies here.
The abstraction reaction (R1) only has only one SP. Although N 2 H 2 has two equivalent hydrogen atoms, and a hydrogen atom can react with either of them, the structures of SP are indistinguishable and they should only be counted once. In the literature, there is a recurrent confusion about this point, and at least one 24 incorrect treatment; therefore, it should be emphasized that we need to count the number of distinguish- We considered torsional corrections for the two torsions of the abstraction SP, namely, the H-H-N-N torsion and the H-N-N-H torsion. The former torsion has a very small torsional barrier (estimated as 0.2 kcal/mol by Eq. (13) in Ref. 27 ) that is larger than k B T when T < 100 K; therefore, the anharmonicity factor F TS1 is slightly larger than 1 at low temperature and it decreases rapidly when the temperature is increased; for example, at 400 K and 500 K it has values of 1.06 and 1.00, respectively.
The addition reaction (R2) has two distinguishable SPs and they are mirror images of each other. Note that these two distinguishable structures exist because of the internal rotation of N-N bond rather than because there are two equivalent N atoms. The two structures are separated by a high barrier (effective barrier 31 kcal/mol given by Eq. (13) in Ref. 27) in the H-N-N-H torsion. Therefore, the anharmonicity factor FTS2 is mainly from the conformational contribution and is very close to 2. Table VIII lists the reaction rate constants of R1 and R2. All the rate constants include torsional anharmonicity using the multistructural method. 27 The abstraction reaction shows a very large variational effect, especially at low temperatures; the ratio of the TST rate to the CVT rate is 5 at T = 200 K, and this ratio approaches to 1 when temperature is increased. What causes this large variational effect? Figure 2 shows the eight vibrational frequencies (the reaction coordinate component is projected out) of the generalized transition state along reaction path. For R1, two modes (red dashed line and green solid line) have a clear crossing around SP. One mode (red dashed line) significantly increases by more than 1000 cm −1 over 9 steps (0.018 Å) from the SP toward reactant. This largely increasing vibrational frequency causes a significantly decreasing vibrational partition function of the generalized transition state. Meanwhile, the changes of potential energy from s = 0.0 Å to s = −0.10 Å are less than 0.15 kcal/mol. Therefore, two factors cause the large variational effect for the abstraction reaction: (i) significantly decreasing vibrational partition functions near the SP and (ii) a very flat potential energy surface around SP. These two changes are reflected on the vibrationally adiabatic ground state energy curves as shown in Fig. 3 . Note that the vibrationally adiabatic ground state energy curve is the same as the free energy curve at T = 0 K. At finite temperature, the free energy curve differs from V energy curve. However, it is convenient to explain the variational effect based on V G a curve as vibrationally adiabatic ground state energy is a major effect.
The addition reaction (R2) has a small variational effect at low temperatures, i.e., the CVT rate constants are only slightly lower than the TST rate constants. At very high temperature, e.g., T = 1500 K, the variational effect becomes more significant. The CVT rate at 1500 K is lower than the TST one by a factor of 1.4. This variational effect is caused by the increase of the two lowest vibrational modes on the product side (see Fig. 2 ). But this variational effect is not as large as for the abstraction reaction because the increase of the frequencies of the two lowest modes is not as rapid as that for one mode in the abstraction reaction.
It is interesting to note that R2 has lower classical barrier than R1 by 0.8 -1.1 kcal/mol, but the reaction rates of R2 are much smaller than those of R1, especially at low temperatures. For example, the CVT/SCT rate for R2 is smaller than the CVT/SCT rate for R1 by about a factor of 6 at 200 K. Figure 4 shows the branching ratio of R1 and R2 using the CVT/SCT method with either single-structure harmonic oscillator approximation or multistructural approximation including torsional anharmonicity (MS-T). Figure 4 also shows the branching ratios calculated by potential energy surfaces calculated by both M08-SO/ma-TZVP and M08-SO/6-311+G(2df,2p) methods.
Why does the H + trans-N 2 H 2 reaction proceed predominantly to produce the product that requires surmounting a higher potential energy barrier? The answer is that the effective barrier has a quantized vibrational energy component as well as a potential energy component. Therefore, Fig. 3 shows that R2 has a higher vibrationally adiabatic ground state energy barrier (the barrier on the V G a curve) because R2 has much higher zero-point energy than R1 around the SP. The harmonic vibrational frequencies of R1 and R2 are very similar around the SP except for one mode (red dashed line in Fig. 2 ). This mode starts as the symmetrical N-H stretching vibration of N 2 H 2 molecule. In R2, this mode does not change much at the transition state. However, this symmetrical N-H stretching vibration becomes a quasisymmetrical N-H and N-N stretching mode at the R1 transition state, and its frequency decreases by about 1400 cm −1 . This is a common motif [8] [9] [10] [11] [12] [13] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] in VTST calculations of atomtransfer reactions. The stretching vibration associated with the breaking bond correlates with the stretching vibration for the newly forming bond but shows a deep minimum at a geometry where both bonds have a bond order of about half. The resulting higher barrier on the V G a curve causes the lower rate for R2. We also can understand this issue from another point of view. The large decrease of the vibrational frequency of R1 at transition state compensates the higher potential energy barrier of R1, so that the number of accessible states of R1 is larger than that of R2 at the variational transition state and leads to the larger reaction rate for R1.
As would be expected, the branching ratios are quite sensitive to the barrier heights at low temperatures. For instance, M08-SO/ma-TZVP predicts branching ratio as 5.7 at 200 K, while M08-SO/6-311G(2df,2p) gives this ratio as 3.8 at 200 K. Figure 4 shows that branching ratios calculated with the two basis sets become very similar to each other above 1500 K; this is because the effective barrier difference becomes smaller compared to k B T.
The tunneling contributions for both reactions are not as large as for many other hydrogen-transfer reactions because the barriers of two reactions are quite low and very broad. The SCT transmission coefficient κ is about 5-7 at 200 K for the two reactions, and it rapidly decreases to below 2 when the temperature is higher than 350 K. The V G a profiles of these two reactions are very similar in shape, and therefore the tunneling contributions are similar for the two reactions, even though the imaginary frequencies of the two reactions differ by a large factor (they are 1603i cm −1 for R1 and 916i cm −1 for R2). Consequently, even though the tunneling contribution is not large for these two reactions, the Wigner method (which was derived for small tunneling corrections, but which is essentially never recommended) incorrectly predicts the differential effect of tunneling on the two reactions. For the addition reaction, it gives a large error, in particular, it yields κ equal to 2.8 at T = 200 K, while the SCT approximation yields 6.2.
For reaction (R2), the Wigner method happens to give κ equal to 6.5 at 200 K. Although this agrees with the SCT value 6.2, this agreement is not a validation of the Wigner method; it is simply an accident since a Wigner tunneling factor of 6.5 corresponds to truncating a Taylor series after two terms when the first term is 1 and the second term should be small but is 5.5. Note that transmission coefficient κ accounts for both multidimensional tunneling and nonclassical reflection. Usually, the tunneling effect dominates the nonclassical reflection effect because the former occurs at temperatures that have a large Boltzmann factor. However, this is not always the case, especially for reactions with low barriers. In the present case, the SCT transmission coefficient decreases the rate constant for both R1 and R2 at temperatures above 1400 K because nonclassical reflection has a larger effect than does tunneling at these temperatures.
To make it convenient to obtain the rate constant at arbitrary temperatures between 200 and 1500 K, we fit our calculated rate constants using the following formula, 80 which is an improvement over a formula presented previously:
where k is rate constant, T is temperature, R is the gas constant, and A (in cm 3 molecule −1 s −1 for bimolecular reaction or in s −1 for unimolecular reaction), T 0 (in K), n, and E (in kcal mol −1 ) are fitting parameters. This formula 80 is an improvement over the earlier one 81 because it has a more correct low-temperature limit. The resulting expressions for R1 and R2 (fitted to M08-SO/6-311++G(2df,2p) rate constants) are given by Eqs. 
The expressions for R1 and R2 that are fitted to M08-SO/ma-TZVP rate constants are given by 
k 2 = 7.678 × 10 −12 T + 144.53 300
1.500
× exp − 1.394(T + 144.53) R(T 2 + 2.089 × 10 4 ) .
IV. CONCLUDING REMARKS
In this article we presented a set of high-level ab initio calculations of the barrier heights of the abstraction and addition reactions of H with trans-N 2 H 2 , and we also calculated the rate constants of the two reactions by multistructural variational transition state theory with multidimensional tunneling and nonclassical reflection and including torsional anharmonicity. The abstraction reaction shows a very large variational effect due to the significant increase of one of the vibrational frequencies in the vicinity of the SP. The different sets of vibrational frequencies at the two competitive transition states cause the reaction to favor the one with the higher potential-energy barrier. This example clearly shows that it is important-in order to draw reliable conclusions about branching ratios and reaction mechanisms-to find the variational dynamical bottleneck that limits the reactive flux; restricting considerations only to barrier height calculations or conventional transition state theory is insufficient. Furthermore, it is necessary to consider the entire vibrationally adiabatic potential curve to predict the extent of tunneling; restricting consideration to the imaginary frequency at the saddle point is insufficient. The interesting features of the branching ratio predicted by theory prompt us to urge an experimental study of these reactions to confirm the predictions.
